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Outline

What is a Black Hole?

Problems in astrophysical time series.

Development of new methods.

Extraction of astrophysical information.



Time Series (in general)

The only model-independent tool that
provides information about a system.



Time Series (in general)

The only model-independent tool that
provides information about a system.

Through modelling, this information is
mapped into a system’s property.
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Time Series (in general)
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Time Series (in general)
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What is a Black Hole?

Luminosity= (2× 1010) · (4× 1026 W) = 8× 1036 W



What is a Black Hole?

NASA�ESA�G.Bacon,STScI

Luminosity= 1044 − 1047 W



What is a Black Hole?

NASA�JPL-Caltech
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What is a Black Hole?
Radiation in the entire Elec.Magn. spectrum.
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What is a Black Hole?
Radiation in the entire Elec.Magn. spectrum.
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What do we really observe?



What do we really observe?

Source

Background



Data-set problems
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Continuous time series: Reality!



Data-set problems

0 2000 4000 6000 8000 10000
0

50

100

150

200

250

300

350

Time (arbitrary units)

P
h

o
to

n
s
(c

o
u

n
ts
·s

-
1
)

Source+Background



Data-set problems

0 2000 4000 6000 8000 10000
0

50

100

150

200

250

300

350

Time (arbitrary units)

P
h

o
to

n
s
(c

o
u

n
ts
·s

-
1
)

Discretization
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Data-set problems
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Data-set problems
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Data-set problems
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Data-set problems
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Data-set problems
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Data-set problems

Systematics
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Data-set problems

Final data set

0 2000 4000 6000 8000 10 000
0

50

100

150

200

250

300

350

Time (arbitrary units)

P
h

o
to

n
s
(c

o
u

n
ts
·s

-
1
)



Data-set problems
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Data-set problems
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Data-set problems

49 000 50 000 51 000 52 000 53 000 54 000

0

5

10

15

Modified Julian date

F >
1

T
eV
HC

ra
b

un
its
L



Data-set problems
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Methodological problems

For a set of observations xi measured at ti (i = 1, . . . , N )
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Methodological problems

For a set of observations xi measured at ti (i = 1, . . . , N )

Periodogram = |DFT (fj)|
2 =
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and j = 1, . . . , N/2

Fitting a model to the Periodogram −→ PSD, P (ν)



Methodological problems

Original light curve
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Methodological problems

Light curve segment
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Methodological problems

Light curve segment
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Methodological problems

Light curve segment + Poisson noise
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Methodological problems

Light curve segment + Poisson noise + Missing data
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Methodological problems

10-5 10-4 0.001 0.01 0.1
10-7

10-5

0.001

0.1

10

1000

Ν HHzL

P
ow

er
HH

z-
1 L

Genuine PSD

Observed PSD



Monte Carlo approach

PSD model−→Artificial time series (e.g. 10000)
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PSD model−→Artificial time series (e.g. 10000)

Sampling irregularities−→‘Dirty’ time series
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Monte Carlo approach

PSD model−→Artificial time series (e.g. 10000)

Sampling irregularities−→‘Dirty’ time series

‘Dirty’ periodograms−→ 〈 ‘Dirty’ periodogram〉

Fit to the observed ‘dirty’ periodogram.

Repeat the process for another PSD model.



Monte Carlo approach

PSD model−→Artificial time series (e.g. 10000)

Sampling irregularities−→‘Dirty’ time series

‘Dirty’ periodograms−→ 〈 ‘Dirty’ periodogram〉

Fit to the observed ‘dirty’ periodogram.

Repeat the process for another PSD model.

Establish a ‘goodness-of-fit’ criterion.



Application

NGC 4051

McHardy et al. 2004, MNRAS, 348, 783
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Application

McHardy et al. 2004, MNRAS, 348, 783



Application

NGC4051

MCG-6-30-15

Akn564
Mkn766



Monte Carlo problems

1)White noise: Random number generator
PSD always flat



Monte Carlo problems

1)White noise: Random number generator
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Monte Carlo problems

1)White noise: Random number generator
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Monte Carlo problems

2)Done, C. et al. 1992, ApJ, 400, 138
Phase randomisation BUT fixed amplitude

x(t) ∼
∑

√

P (ν) cos(2πνt+ φ)

with φ ∈ [0, 2π]



Monte Carlo problems

2)Done, C. et al. 1992, ApJ, 400, 138
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Monte Carlo problems

2)Done, C. et al. 1992, ApJ, 400, 138
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Monte Carlo problems

3)Timmer & König 1995, A&A, 300, 707
Phase randomisation AND Amplitude randomisation

FTx(t)(ν) = N (0,
1

2
P (ν)) + iN (0,

1

2
P (ν))



Monte Carlo problems

3)Timmer & König 1995, A&A, 300, 707
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Monte Carlo problems

3)Timmer & König 1995, A&A, 300, 707
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Monte Carlo problems
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Monte Carlo problems
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Monte Carlo problems

Few times that Normality is a problem!



Monte Carlo problems

Few times that Normality is a problem!

Wrong underlying probability distribution.

Physically unrealistic artificial light curves.

The underlying physical flux distribution is always
defined for positive flux values.



Monte Carlo problems

Few times that Normality is a problem!
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Simulating realistic light curves

Emmanoulopoulos et al. 2013, MNRAS, 433, 907

+

Out[23]=

For all the astrophysical fields!



Simulating realistic light curves

We randomize amplitudes and phases in an
iterated fashion.
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Simulating realistic light curves
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Simulating realistic light curves
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Simulating realistic light curves
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Simulating realistic light curves
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Simulating realistic light curves
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Simulating realistic light curves
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Simulating realistic light curves
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Simulating realistic light curves
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Current paradigm

X-ray corona

Accretion disc



Current paradigm

Approximation of spherical corona by point source



Current paradigm



Current paradigm

Direct continuum

Reflected component



Time Series Approach
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Time Series Approach

Cross spectrum

Cs,h(fj) = S∗(fj)H(fj) = |S(fj)||H(fj)|e
i(φH(fj)−φS(fj))



Time Series Approach

Cross spectrum
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Time Series Approach

Positive time lags: Accretion flow

Negative time lags: Reflection
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X-ray reverberation: Modelling

Response profiles: Dovčiak et al. 2011, ApJ, 731, 75

Spin= 0.676, Height= 3.6 rg and Angle=40◦
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X-ray reverberation: Modelling
GR reflection component: BH Spin
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X-ray reverberation: Modelling
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X-ray reverberation: Modelling
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X-ray reverberation: Modelling
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X-ray reverberation: Problems

10-4 10-3

-50

0

50

100

150

Ν HHzL

T
L
Ν
Hs
L

PLΝ=0.25Ν-0.77 HsL
M=2.1́ 106 M

�

Α=0.98

Θ=35°

h=2.9 rg

MCG-6-30-15

9 measurements
6 fitting parameters
1 fixed parameter



X-ray reverberation: Problems

Overfitting−→Model degeneracies



X-ray reverberation: Problems

Overfitting−→Model degeneracies

Simultaneous multiwavelength observations
↓

Causal connection of different emission regions



X-ray reverberation: Problems

Raiteri et al. 2013, MNRAS, 436, 1530
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Overfitting

Quote of John von Neumann
(Freeman, D. 2004, Nature 427, 297)

‘With four parameters I can fit an elephant, and
with five I can make him wiggle his trunk’

Using a least squares Fourier sine series
J.Wei, 1975, ‘Least Square Fitting of an Elephant’, CHEMTECH, 5, 128
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Conclusions: Astrophysical Time Series

Data sets are problematic.

Time series methods are affected.

Extensive Monte Carlo simulations are
mandatory.

Astrophysical time series DO contain
information about the BH environment.

Simultaneous observations across the e/m
spectrum are needed.

Thanks you!
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